A planar tracer laser-induced fluorescence technique using a new tracer pair is introduced and has been utilized for the simultaneous detection of the fuel-air ratio and the temperature to characterize mixture formation inside a directinjection spark-ignition engine. The new tracer pair consists of triethylamine and 3-pentanone, which are simultaneously added to the surrogate fuel isooctane. Triethylamine was used for the determination of the fuel-air ratio. The temperature distribution was evaluated with the two-line excitation laser-induced fluorescence technique using 3-pentanone. Prior to the internal combustion engine measurements, the tracer mixture was first investigated in a flow cell to demonstrate the spectral separability of the fluorescence signals and for the extension of the calibration data basis. As a first application, the tracer pair was applied inside a direct-injection spark-ignition engine operated with a split-injection scheme. For the late second injection, the fuel and temperature stratification was studied during the compression stroke. The measured temperature drop due to evaporative cooling effects was found to be about 100 K in the averaged data and up to 125 K in the single-shot measurements. The relation between fuel-rich areas and strong temperature drop can clearly be seen in the results. Furthermore, the suitability of the tracer pair to resolve cyclic variations is visualized.
Introduction
Direct injection (DI) offers a great potential for sparkignition (SI) engines for the reduction in pollutant emissions and fuel consumption. These can be mainly achieved by the improvement of mixture formation, which determines the efficiency of combustion. The mixture formation is complex and characterized by temperature and mixture stratification. These parameters have to be controlled precisely to ensure ignitability and avoid knocking and misfire even at high exhaust gas recirculation (EGR) rates. 1, 2 In order to visualize mixture formation inside internal combustion (IC) engines and in particular the parameters temperature and the fuel-air ratio (FAR), planar laser-induced fluorescence (PLIF) using tracer substances with known photophysical behavior is applied in IC engines. [3] [4] [5] [6] Tracer molecules added to the air or to the non-fluorescent substitute fuel are excited by an ultraviolet (UV) laser source. The spectral shape and the 1 intensity of the fluorescence signal are determined by the excitation wavelength, pressure, bath gas composition and temperature. 7 The applied tracers have to be selected with respect to their sensitivity to the parameter of interest. For determination of the FAR toluene, 8 1-methylnaphthalene 9 or triethylamine (TEA) 4, 6, 10, 11 has been used as the fluorescence signal is strongly quenched by the presence of oxygen. Compared to toluene and 1-methylnaphthalene, TEA provides less sensitivity on temperature and exhaust gas composition, which could contribute to an improved measurement accuracy of FAR in engines with higher amount of recirculated exhaust gas. 12 Temperature distribution was successfully evaluated using a two-color detection technique with toluene 5, 13, 14 and naphthalene. 9 Toluene has already been applied in combination with particle imaging velocimetry (PIV) for high-speed thermometry in IC engines. 15, 16 However, nitrogen was used as ambient atmosphere to avoid strong oxygen quenching, and no information about the fuel stratification was presented. Another approach for the measurement of the temperature distribution is the two-line excitation technique with ketones such as acetone 3, 17, 18 or 3-pentanone. 19, 20 A three-time higher sensitivity using 3-pentanone with two-line excitation can be achieved in comparison to two-color detection LIF using toluene for temperatures between 368 and 575 K. 5 For this reason, the two-line excitation of ketones can lead to enhanced temperature accuracy and precision.
Furthermore, two-line excitation LIF allows for the investigation of two different parameters at the same time. For example, temperature and either air or EGR concentration 3, 21 were measured in an IC engine with EGR. In another application, temperature and fuel concentration were investigated in evaporating sprays in an injection chamber. 20, 22 However, for a complete comprehensive understanding of the mixing formation and for judging the ignitability and pollutant formation, either the FAR or the oxygen concentration must be known additionally, especially for conditions with varying ambient gas composition (e.g. for recirculation of exhaust gas).
One approach is the application of a tracer mixture consisting of two tracers for realizing simultaneous detection of FAR and temperature due to different sensitivity of the tracer's LIF signal to these parameters. Tracer mixtures were already used before to determine the mixing in isothermal flows 23 or the oxygen concentration at isothermal conditions 24, 25 and the temperature determination at known oxygen concentration. 26 Furthermore, a two-tracer technique was also employed to qualitatively investigate the evaporation of multicomponent fuels and stratification of individual components simultaneously. 27 However, these tracer mixtures have not been applied for the simultaneous detection of various parameters. To determine the FAR, air concentration and temperature distribution simultaneously, a tracer mixture consisting of TEA and acetone was successfully applied in a direct-injection spark-ignition (DISI) engine with EGR. 28 When using tracer combinations, interactions between the tracers may occur such as secondary excitation of tracer ''two'' by fluorescence emission of tracer ''one.'' Additionally, energy transfer between the tracer molecules is possible without fluorescence emission leading to a misinterpretation of the mixing formation. Lind et al. 28 could demonstrate that the individual fluorescence signal is very similar for the single tracer acetone and for the mixture of acetone and TEA. Therefore, it can be concluded that tracer interactions are negligible and this approach is valid for multiparameter imaging at IC engine conditions.
The application presented there, however, is limited to ''late'' mixture processes when the injected fuel (containing the FAR tracer) is already well mixed with the intake air containing the second tracer acetone for simultaneous air concentration measurement (application with EGR). For this reason, no significant temperature stratification due to evaporation cooling could be resolved with this approach during mixture formation in the suction stroke. To collect this information, the two tracers have to be mixed first before temperature and FAR could be measured simultaneously. For this purpose, a different tracer mixture approach is proposed in this article for the investigation of the early mixture formation process providing important information about local evaporative cooling and sprayinduced cyclic variation in the FAR distribution. This concept is based on the simultaneous addition of a tracer mixture of TEA and 3-pentanone to the surrogate fuel isooctane.
3-Pentanone provides a higher boiling point (102°C) than acetone (56°C) being similar to that one of isooctane (99°C). Furthermore, the fluorescence quantum yield of 3-pentanone is significantly larger compared to that of acetone, 7 which contributes to an improved accuracy of the technique especially for mixture formation studies in IC engines. Before applying the tracer mixture in an IC engine, spectral separation of both the TEA and 3-pentanone signal have to be examined and the calibration data basis of 3-pentanone has to be extended for IC engine application. In the following, at first the fluorescence absorption and emission spectra of both tracers will be shown. These investigations were performed in a continuously scavenged calibration cell. Then, we show the application of the tracer mixture in an IC engine with DI. As an example, a split-injection scheme was adapted and the second injection in the compression stroke was studied for the simultaneous determination of FAR and temperature simultaneously. Single-shot images show the capability of the measurement technique to resolve cyclic variations in the mixing and temperature field.
Measurement principle
The laser-induced fluorescence measurements are mainly performed with lasers emitting light in the UV range. The laser light excites the tracer molecules to a higher energetic level. By returning to the electronic ground state, fluorescence light can be emitted. Depending on the conditions, several non-radiating processes may also occur influencing the fluorescence signal. Therefore, the fluorescence signal depends on excitation wavelength, pressure, bath gas composition and temperature. 7 Following Thurber, 29 the signal intensity can be described by
The fluorescence signal depends on the optical efficiency factor h, the laser pulse energy E, the tracer partial density r Tracer , the absorption cross section s(l Exc , T) depending on the excitation wavelength l Exc and the temperature T, and the fluorescence quantum yield f(l Exc , T, p, x i ), which is a function of the excitation wavelength l Exc , temperature T, pressure p and bath gas composition x i .
For measurement of the FAR, the tracer TEA is excited with one wavelength, 4, 6 which is 248 nm in this case. Taking a homogeneous reference image at known FAR at the same position in the cycle (degree crank angle,°CA) allows for the estimation of the FAR in the investigated engine cycle as the fluorescence signal depends linearly on FAR and shows only weak temperature and pressure sensitivity at the studied conditions. 6, 12 The determination of temperature with ketones such as 3-pentanone requires simultaneous excitation with two wavelengths, namely, 248 and 308 nm in this case. Depending on the excitation wavelength, the signal shows different temperature sensitivity for 248 nm excitation and 308 nm (see also Figure 1 ). This effect is used for thermometry by forming a signal ratio 17, 30 
Calibration data of the 3-pentanone fluorescence with respect to temperature and pressure were measured in a flow cell at homogeneous conditions. 31 The signal intensities of the two excitation wavelengths and the signal ratio are shown exemplarily in Figure 1 for 1 MPa at different temperatures. The available calibration data provide values from room temperature to 548 K in a pressure range from 0.05 to 2 MPa, corresponding to the investigated engine operation point. The signal ratio is normalized to the signal intensity at 298 K and 0.1 MPa (see Figure 2) . The new calibration data of 3-pentanone were extended compared to the literature data 32 with respect to the pressure and temperature as the existing data are limited to 473 K in air atmosphere.
The temperature sensitivity is clearly visible in the signal ratio. Depending on the pressure, the signal ratio increases by a factor of 2.5 between 298 and 550 K at 2 MPa or by a factor of about 7.5 at 0.05 MPa (see Figure 2) . A maximum measurement error of 3.2% concerning temperature estimation in the flow cell was evaluated with error propagation. A standard deviation of 67-9 K was determined. 31 The deviation of TEA-LIF measurements from the lambda probe results was 4% at homogeneous stoichiometric conditions in an IC engine. 33 
Spectral investigation
Using tracer mixtures requires the investigation of spectral separability and the effects of tracer interactions on individual fluorescence signals before applying the tracer combination to a technical system. To this end, the single components and tracer mixture were added to an air flow in a continuously scavenged calibration cell, Figure 1 . Calibration data of 3-pentanone in air at 1 MPa and different temperatures; calibration data were adapted from Lö ffler. 31 Figure 2. Calibration data of 3-pentanone in air at different temperatures and pressures; calibration data were adapted from Lö ffler. 31 which can be operated at IC engine conditions up to 1000 K and 3 MPa. The continuous flow through the cell and the addition of the tracer after the heaters decrease the residence time of the tracer in the hot ambience and reduce the probability of tracer decomposition and oxidation. 34 A detailed description of the calibration cell can be found elsewhere. 35 The tracers were excited using a UV excimer laser at a wavelength of 248 nm. The fluorescence emission spectra were detected with a monochromator (ACR Spectra Pro 275) and an intensified charge-coupled device (CCD) camera (Andor iStar) perpendicularly to the laser light sheet. Figure 3 shows the absorption and emission spectra of the single tracer substances as well as the emission spectra of the tracer mixture at 423 K and 1 MPa in air. The tracers were mixed with a ratio of 1:30 TEA to 3-pentanone by volume to achieve similar signal intensities.
The emission spectra of both tracers show a spectral overlap between 310 and 360 nm. Therefore, filters have to be chosen to cutoff the range of spectral overlap. For detection of the TEA signal, a filter set with transmission in the wavelength range of 270-310 nm was chosen. 3-Pentanone fluorescence was detected using a razor edge long-pass filter with 355 nm cutoff wavelength. Concerning the absorption and emission spectra, tracer interaction appears possible as the absorption spectrum of 3-pentanone covers completely the emission spectrum of TEA. This effect could potentially result in absorption of the TEA fluorescence by 3-pentanone leading to a lower fluorescence intensity of TEA and an increased fluorescence intensity of 3-pentanone.
As tracer interaction studies were already performed before 28 for TEA and another ketone (acetone) with similar photophysical behavior 7 and concentration in the mixture, this study will not be repeated in this article for 3-pentanone. It appears reasonable to assume that the tracer interactions are also marginal for this tracer mixture, and that no major influences of the fluorescence signal of 3-pentanone are to be expected. A detailed study of tracer interaction concerning TEA fluorescence is in preparation, but first results also indicate that TEA is only weakly influenced by the presence of another ketone. 36 Furthermore, it is important to ensure separability of the tracer signals at any temperature and pressure as a spectral shift of the emissions may occur. Figure 4 shows the emission spectra of the tracer mixture for temperatures of 423 and 473 K and pressures of 1, 1.5 and 2 MPa, respectively.
With the increase in pressure, the fluorescence intensity of TEA is decreased by the higher impact of oxygen quenching as it is a collision-dominated process. In comparison, 3-pentanone shows an inverse behavior which clarifies the low dependence of the fluorescence intensity on oxygen and a higher effect of vibrational relaxation supporting fluorescence emission. It should be noted that in this case the tracer partial density was kept constant, not the FAR as it was the case for TEA-LIF calibration in Wagner et al. 12 With constant tracer partial density, the mixture becomes leaner with increasing pressure leading to reduced TEA signal. The spectra show only negligible spectral shift at different temperatures and pressures, and therefore the chosen filters can be used without increased measurement uncertainties.
IC engine results
The tracer mixture was applied in a single-cylinder optically accessible DISI engine based on a four-cylinder engine and 2.0 l displacement volume. Both tracers were added to the substitute fuel isooctane with an amount of 0.25 vol.% TEA and 20 vol.% 3-pentanone. The fuel-tracer ratio is chosen with respect to previous investigations with these tracers. 6, 20 The contribution of the tracer to the combustion was taken into account following the procedure proposed by Koch et al. 4 by reducing the amount of fuel to maintain stoichiometry. To allow for optical access into the combustion chamber, a fused silica glass ring was used which limited the runtime of the engine to 4 min. TEA and 3-pentanone were excited with 248 nm. For temperature determination with two-line excitation LIF, 3-pentanone was additionally excited with 308 nm with a delay of few microseconds to the previous 248 nm laser pulse ensuring quasi-simultaneous conditions. The lasers were operated with a repetition rate of 2 Hz. Both laser beams were formed to light sheets and overlapped inside the cylinder. The fluorescence signals were detected with two intensified CCD cameras (PCO, Dicam PRO) equipped with the chosen filters. Furthermore, the signals were separated before by a dichroic mirror which is reflective for wavelengths below 300 nm and transparent for higher wavelengths. The camera for detection of the 3-pentanone signal was operated in double-shutter mode to enable quasi-simultaneous acquisition. Laser and camera were synchronized to the crankshaft position with a pulse-delay generator. The optical setup is shown schematically in Figure 5 .
As a measurement example, an operating point with split-injection scheme was chosen representing a catalyst heating point. At these conditions, especially the second injection is of certain interest for studying temperature and fuel stratification since mixture inhomogeneities are significant sources of soot emissions. 37 Two-thirds of the fuel are injected within the first injection at 2280°CA after top dead center (aTDC) at an injection pressure of 6 MPa with a solenoid multi-hole injector. The second injection is finished at 260°CA aTDC. The injector has a lateral position as indicated in the top left in Figure 6 . The engine is operated at 0.35 MPa indicated mean effective pressure (IMEP) and 1200 r/min with a conventional tumble and a maximum tumble ratio of 1.5. The investigated CA range is 270°CA aTDC to 230°CA aTDC, which was studied in intervals of 5°CA. Ten images were taken for each CA position, which were individually analyzed and averaged afterward. Figure 6 shows the averaged images from 265°CA aTDC to 235°CA aTDC from top to bottom. The results from 260°CA aTDC are not shown as the fuel injection just finished. The FAR determined with TEA-LIF is shown on the left side whereas the temperature determined with two-line excitation LIF of 3-pentanone is shown on the right side. The background images without tracer were taken to correct for reflected laser light. Still, in some regions at the cylinder and piston walls, no FAR or temperature information is presented (marked with white color) as the glass ring and the piston produce strong reflections so that the signal is not evaluable. At later crankshaft positions, the piston already moves into the field of view (marked by an additional red line representing the piston head), that is, the area of the studied region is reduced. In the image of 250°CA aTDC, an additional black-lined rectangle is visible which marks the region of interest (ROI) for the calculation of radial FAR and temperature distributions. The ROI has a width of 92 mm corresponding to the bore diameter of the transparent cylinder. A height of about 9 mm was chosen for spatial averaging for an improved statistical representativeness of the data. The ROI is located at a position which is visible at all different CA positions.
At 265°CA aTDC, the beginning of the second injection is visible in the upper left part of the image. The FAR appears to be very large due to the remaining liquid fuel in the spray; under these conditions, no real quantification can be performed. The large amount of liquid fuel results in misinterpretation of the 3-pentanone LIF signal ratio taken for temperature evaluation as this is only defined for the gas phase. In these regions, extremely low temperatures would result which were excluded from further post-processing. Therefore, only temperatures above 293 K are shown in Figure 6 . Due to the first injection, fluorescence signals can be detected in the surrounding of the evaporating spray; these yields an average FAR below 1 and an average temperature of about 325 K.
The fuel injection is finished at 260°CA aTDC, but still at 255°CA liquid fuel remains in the jet, leading to non-evaluable areas in the temperature field and to areas of large FAR, respectively. At 250°CA, the fuel is almost completely evaporated and temperature stratification can be evaluated. In the jet, the temperatures are about 300 K compared to about 400 K in its ambience. The temperature difference of about 100 K can be attributed to evaporative cooling, as lower temperatures match directly with fuel-rich areas. This temperature difference corresponds to the results of Trost et al. 20 for an isooctane fuel spray in quiescent nitrogen atmosphere studied in an injection chamber. They reported an average temperature drop due to evaporative cooling of about 125 K; however, the ambient conditions were even higher (8 bar, 673 K) which could promote the evaporation and local cooling drastically. At 245°CA aTDC, the temperature and fuel stratification is still visible. At later CA positions, the overall mixing temperature is increased due to the compression and fuel is distributed more homogeneously leading to reduced temperature differences inside the cylinder.
For the quantification of FAR and temperature in the cylinder, the ROI in the upper part of the cylinder (marked with the black-lined rectangle in Figure 6 ) was chosen. Figure 7 shows the spatial FAR and temperature distribution in the cylinder for the averaged images at 250°CA aTDC.
The temperature drop between 0 and 40 mm can be clearly attributed to evaporative cooling as the FAR is comparatively large in this area showing the inverse trend. The minimum FAR is slightly below stoichiometric mixture, which is the initial mixture from the first injection and appears at about 90 mm. Within this plot, a maximum temperature difference of about 100 K is evaluated. Figures 8 and 9 show the profiles of average FAR and temperature distribution at 245°CA aTDC and 240°CA aTDC, respectively. The general trend is similar to Figure 7 , but the temperature difference between fuel jet and the ambience is reduced as mixing proceeds. Still, the mixture is not homogeneous and the maximum average local temperature is increased to about 430 K at 240°CA due to the compression.
Local cyclic variations in the FAR and the temperature introduced by the injection and cylinder flow have a high impact on inflammability, flame propagation and pollutant formation. To show the capability of the chosen tracer mixture concept for resolving these cyclic variations, three representative single-shot images of FAR and temperature are shown in Figures 10 and 11 for 250°CA aTDC and 245°CA aTDC, respectively.
All images clearly show the variations in FAR and temperature of different engine cycles. Compared to Figure 7 . Averaged FAR and temperature profiles in the selected ROI (as marked with a black rectangle in Figure 6 ) at 250°CA aTDC. the averaged images, locally higher temperature and FAR differences are visible and the single images give a detailed insight into the turbulent flow and charge motion. Even large vortices can be visualized as well as small-scale structures representing the local turbulent mixing characteristics. In Figure 11 , the FAR distribution shows a relatively homogeneous lean mixture at the right wall but strong temperature gradients in this region (especially in cycle 3) with a hot spot, which are probably induced by turbulent heat transfer from the piston movement and eddy formation at the cylinder wall. These effects are not visible in the average images and confirm the need for an imaging technique that is capable to resolve these cyclic phenomena especially for fundamental studies focusing on mixing and inflammation.
Additionally, for some cycles a stronger fuel jet interaction with the piston is revealed and strong temperature stratification is visible at the piston surface. This effect could contribute to higher CO and unburned hydrocarbon (UHC) emissions as well as soot formation for single combustion cycles, which is not predictable with the averaged data.
For further interpretation of the data, the same ROI as in Figures 7-9 was analyzed and radial temperature and FAR profiles are generated. The FAR distribution of the three shown images at 245°CA aTDC is plotted in Figure 12 , and the temperature profiles are shown in Figure 13 .
The single-shot FAR profiles always show two distinct peaks which are not that clearly visible in the average profile. The maximum temperature is about 450 K (cycle 2), whereas it is just about 420 K in the average profile. The temperature drop due to evaporation cooling is even larger for single-shot images (about 120 K). For quantification of the spatial cyclic variability, the standard deviation is calculated. The results from the 10 individual images are exemplarily shown for the CA position at 245°CA aTDC in Figure 14 .
In general, the standard deviation of FAR is typically in the range of 0.5-1.0 and is larger in the fuel-rich areas and less significant in lean regions. For the temperature, the standard deviation shows two major regions with strong fluctuations (about 120 K or even more corresponding to evaporation cooling and spatial spray fluctuations from shot to shot) especially in the left part of the cylinder, that is, close to the injector. Obviously, the spray induces large vortices in the ambient gas (air), which is accelerated and leads to changed temperature fields from shot to shot.
Conclusion
A new tracer LIF concept is demonstrated using the combined application of the tracer TEA for determination of the FAR and 3-pentanone used for the simultaneous measurement of temperature by adding them to the surrogate fuel isooctane. The results show the suitability of the tracer mixture TEA-3-pentanone for the simultaneous investigation of these parameters within a plane and enabling the resolution of cyclic variations in the mixing field.
Before applying the tracer pair in an IC engine, spectral investigations have been performed. The separability of the fluorescence signals with optical filters was shown. Furthermore, uncertainties by spectral shift with varying conditions could be excluded. The calibration data basis for 3-pentanone was extended toward higher temperatures and pressures which are relevant for DISI conditions.
As example for engine measurements, the tracer mixture was applied in a DISI engine for an emissionrelevant operating point with a split-injection scheme, which is used for catalyst heating. The averaged images show temperature differences in fuel-rich areas due to evaporative cooling of about 100 K, which are larger for single-shot images to about 120 K. To investigate cyclic variations, single-shot images from different engine cycles were evaluated, and standard deviations were calculated for their local quantification. It could be shown that major cyclic variability of FAR and temperature distribution is introduced by fluctuations of the spray. The charge movement shows also temperature gradients at the wall in regions where no FAR gradients are visible. This observation implies that temperature gradients are probably produced by the vortex formation at the cool cylinder wall induced by the piston movement.
The visualization of cyclic variations concerning FAR and temperature gives an overall understanding for mixture formation and reveals the consequences for pollutant emissions being of major importance for emission legislation. Therefore, simultaneous multiparameter detection with tracer mixtures provides high potential for IC engine optimization with respect to mixture and pollutant formation.
